Summary DNA repair was measured in an ionising radiation-sensitive mutant of a human bladder carcinoma cell line. No difference in the rate or extent of double-strand break rejoining was found using the techniques of neutral filter elution and pulsed-field gel electrophoresis. In contrast, significant differences in repair fidelity, measured by plasmid reconstitution, were found. The parent line had a repair fidelity of 84.7% compared with 58.9% for S40b (P = 0.0003). It is suggested that repair fidelity can be an important determinant of radiosensitivity in human tumour cells.
The isolation of mutants with either increased or decreased sensitivity to cytotoxic agents has proved to be invaluable in the elucidation of mechanisms of action of such agents. The development of ionising radiation sensitive mutants had been largely limited to variants of Chinese hamster cells and the L5178Y murine lymphoma cell line (Sato & Hieda, 1979;  Jeggo & Kemp, 1983; Giaccia et al., 1985; Jones et al., 1988) .
Mechanistic studies of the nature of radiation sensitivity in human cells has been mainly limited to the study of ataxiatelangiectasia (A-T) cells. To increase the available human lines we have previously isolated an ionising radiation-sensitive clone (S40b) of a human bladder carcinoma cell line MGH-U1 (McMillan & Holmes, 1991) .
DNA repair deficiencies have been described for some of the radiosensitive rodent cell lines. The xrs, XR-1 and L5178Y-S mutants have been reported to show defective double-strand break (dsb) rejoining (Kemp et al., 1984; Giaccia et al., 1985; Evans et al., 1987; Wlodek & Hittelman, 1987) measured by neutral filter elution. The irs mutants have no measurable impairment of dsb rejoining, but irsl was found to have low repair fidelity compared with its parent line, V79, using plasmid reconstitution (Debenham et al., 1988b) . Irs2 has been reported to exhibit radioresistant DNA synthesis (Jones et al., 1990) . Low repair fidelity and radioresistant DNA synthesis are both reported features of A-T (Cox et al., 1986; Debenham et al., 1988a; Painter, 1981) . A-T cells have no defect in dsb rejoining (Lehmann, 1982) with one reported exception (Coquerelle et al., 1987) .
In a previous report (McMillan & Holmes, 1991) , the initial DNA damage, measured by neutral filter elution, was found to be the same in clone S40b and the parent line, MGH-Ul. To investigate the possibility of a repair defect in S40b we have now looked at DNA repair under two broad headings: (1) the rate and extent of dsb rejoining (2) repair fidelity. Dsb rejoining was assessed by neutral filter elution (NFE) and pulsed-field gel electrophoresis (PFGE). Repair fidelity was measured by plasmid reconstitution.
Materials and methods

Cell lines
The parent line, MGH-Ul, and a radiosensitivie clone, S40b, were grown in Ham's F12 medium supplemented with 10% foetal bovine serum, streptomycin (100 mg I') and penicillin (105 units I-) as an attached monolayer. All cultures were incubated at 37°C in 3% 02, 5% CO2 and 92% N2. The difference in cell survival following ionising radiation is shown in Figure 1 (from McMillan & Holmes, 1991 thymidine for 48-72 h and fresh non-radioactive medium added for 15-18 h prior to irradiation. Cell irradiation to 20 Gy was carried out in monolayer at 37°C. After allowing the specified time for repair following irradiation, culture medium was replaced with ice-cold phosphate buffered saline and cells were harvested at 4°C using 0.02% versene. The cells were washed and pelletted at 4°C then resuspended in 0.8% ultra-low melting point agarose at 18C. The cells (2 x 106 ml ) in agarose suspension were placed in ice-cold plastic moulds, and incubated at 4°C until the agarose had set. The 'cell plugs' were placed in ice-cold lysis solution containing 0.5 mg ml-' proteinase-K (Boehringer-Mannheim) in 2% lauroyl-sarkosine (Sarkosyl, Sigma) and 0.5 M EDTA at pH 7.6. Plugs were held on ice for 1 h to allow permeation of EDTA, designed to prevent repair which might occur on warming. Plugs were then incubated at 37°C for 18 h. The rapid action of detergent will also prevent further repair at this temperature. The plugs were used within a few days, because long-term storage causes a significant increase in background damage due to the incorporated C"4. This technique is similar in principle to that used by Blocher et al. (1989) and Stamato and Denko (1990) .
Cell plugs of approximately 25 gAl (containing 5 x 104 cells) were loaded into the wells of a 0.8% agarose gel. The CHEF-DRII unit delivers two homogeneous electric fields at +600 and -60°to the direction of net movement. Parameters for electrophoresis were 3.6 V.cm-', 60 min field switch time with a total running time of 96 h. Electrophoresis buffer (0.5 x TBE) was maintained at 16°C.
Damage was measured in an analogous manner to NFE. The proportion of DNA which moved out of the well and into the gel relative to the total DNA in the lane was recorded as the measure of damage. This proportion for unirradiated cells was 2-5% and was subtracted from the value for irradiated samples. Repair was also recorded as for NFE: the per cent of the initial level of damage. Each time point at 1, 2 and 4 h reflects data from three or four independent experiments. Data were also obtained for MGH-U1 at 1 h and 3 h from two experiments.
Plasmid reconstitution A plasmid, pPMH 16 (kindly donated by Dr J. Thacker, MRC Radiobiology Unit, Chilton, Oxon) with two selectable bacterial genes was used for transfection in the repair assay (Debenham et al., 1988a) . The first gene (neo) confers resistance to the antibiotic G418, a derivative of neomycin which crosses the mammalian cell membrane. The second gene (gpt) confers resistance to the medium XHATM (xanthine, hypoxanthine, aminopterin, thymidine and mycophenolic acid) by utilising xanthine to make guanine whose production is otherwise inhibited (Mulligan & Berg, 1981) . No function of these genes occurs naturally in mammalian cells: when present they must be derived from transfected DNA. Both genes have mammalian cell promoters immediately upstream and mammalian signalling sequences downstream to ensure expression following transfection (Debenham et al., 1988a) .
The principle of the assay is to use the neo gene as a marker of transfection, and to damage the gpt gene using a restriction endonuclease, which causes a double-strand break (dsb) in the plasmid. The ability of the transfected cells to reconstitute the damaged gpt gene and to restore its function is tested.
Plasmid digestion by restriction enzyme Restriction enzyme, KpnI, cleaves the plasmid once within the gpt coding region to produce a linear plasmid with 'cohesive' ends. Plasmid was digested prior to transfection with 2 units of enzyme per Lg plasmid for a minimum of 3 h. The linearity of the plasmid was confirmed using gel electrophoresis (0.8% agarose in Tris-Borate-EDTA).
Plasmid transfection
The transfection procedure was as follows: 24 h prior to transfection, 106 cells were seeded into an 80 cm2 flask; 2 h prior to transfection the medium was replaced with 5 ml of fresh medium; for transfection, 40 fig of plasmid DNA (cleaved or circular) in 1 ml of Hanks buffered saline (HBS) with 125 mM CaCl2 was added for an exposure of 6 h. The cells were then washed with medium without serum, exposed to 15% glycerol in 1.5 ml of HBS for 3 min, and washed again before replacing complete medium. A further 48-60 h was allowed (expression time) before harvesting the cells using trypsin (0.05%)/versene (0.02%) and seeding the cells, without feeder cells, at 5 x I05 or 106 per 80 cm2 flask (2-3 per experiment) in medium containing 0.5 mg m'l G418. Cell viability following the transfection procedure was 65% for MGH-U1 and 50% for S40b. This is 80-90% of normal plating efficiency. After 10-14 days growth in G418 (medium changed every 7 days) visible viable colonies could be marked. Selection for gpt gene function was then applied with medium (XHATM) containing xanthine (10 itg ml ') hypoxanthine (13.6 yg ml-') aminopterin (0.176 jig mlh) thymidine (3.87 ytg ml-') and mycophenolic acid (10lg ml-'). The proportion (P) of marked colonies which remained viable in XHATM after 7 days was recorded.
Repair fidelity Repair fidelity was defined as: P (cleaved plasmid) + P (circular plasmid). Repair fidelity represents the efficiency of accurate rejoining of the double-strand break (dbs) by the tested cell line. The denominator takes into account the probablity that the integration of previously undamaged plasmid may damage for gpt gene. The assay thus focuses on the correction of the cleaved plasmid. Repair fidelity values for the sensitive clone and the parent line were compared using an unpaired t-test on logarithmically transformed data.
Irradiations
Cells were irradiated using a 33 TBq (900 Ci) 'Co source at a dose rate of 1-2 Gy min '.
Results
Double-strand break rejoining
The data obtained for dsb rejoining using neutral filter elution are shown in Figure 2 . The initial rate of rejoining was equal for the two cell lines, with both achieving 60% rejoinging after 1 h. However, between 1-4 h little rejoining was discernible within the error of the data. At 4 h rejoining was no more than 70% complete. Thus, within the number of time-points investigated, no difference in the rate or extent of double-strand break removal could be detected.
The data obtained using pulsed-field gel electrophoresis is shown in Figure 3 . The same time-points of repair were investigated. In essence, a similar result was observed. No significant difference in the rate or completeness of rejoining was found between the sensitive clone and the parent line. Compared with the data obtained using neutral filter elution, marginally greater rejoining was observed. At 1 h the damage was 70% rejoined, and at 4 h damage was 80% rejoined. and 0.57 x 10'. Thus, transfection frequency was higher in the sensitive clone and this difference was maintained in experiments performed at the same time with the same plas- unable to detect such a deficiency in S40b.
The repair kinetics up to 1 h were not evaluated in this study. Measures of repair at 30 min have been obtained for MGH-U1, but they were not obtianed in parallel with S40b. In these unpublished studies, repair at 30 min was 84, 92 and 100% of the value at 1 h from three independent experiments. The expected error of these data points is large because there is a rapid change in the amount of damage lU1 with time. The power to discriminate small changes in the U1_--i initial repair kinetics with these techniques is limited. Only when the differences are large (e.g. xrs compared with CHO-KI; Kemp et al., 1984) can the initial repair kinetics be clearly distinguished, and this is always accompanied by a clear difference in the level of residual damage. Schwartz et al. (1988) have claimed that damage repair at 1 h (after 100 Gy) allows discrimination of radioresistant from radiosensitive tumour cell lines, but the magnitude of the difference was small. This study only assessed damage at 1 h and ,~2 h, and measured the amount of damage remaining rather 180 240 than the percentage repair. It was equally clear in these data that the initial level of dsb was higher in the radiosensitive lines. Thus far, differences in initial repair kinetics, without easured by neutral differences in the residual level of damage have not been nsitive clone S4Ob. clearly demonstrated. n the initial level of Although we did not examine repair times of less than 1 h error of the mean.
it appears that the kinetics of double-strand break removal observed using either NFE or PFGE are similar, since repair was essentially complete within 1 h. This similarity between the two techniques suggests that the values reflect a bio- Columns A and B show the proportion of G418 resistant colonies which are also XHATM resistant for circular and KpnI-cleaved plasmid respectively. Column C is the calculated repair fidelity. The KpnI repair fidelity for MGH-Ul and S40b are significantly different (P = 0.0003). half-time, Bradley & Kohn, 1979) . The similarity of the results obtained using filter elution and PFGE are in contrast with the measurements of repair half-time using velocity sedimentation (e.g. Bryant & Bl6cher, 1980) where values of 1.5-4 h were found. The reason for this discrepancy remains unclear.
Both measures of damage repair show significant residual damage (20-30%) at 4 h. The time course of rejoining has not been followed to longer times to ascertain whether complete rejoining occurs. The data from NFE are derived after 50 Gy radiation dose compared with 20 Gy for PFGE. The higher level of residual damage found with the filter elution studies suggest this may be a dose dependent phenomenon. However, the level of residual damage is the subject of our continuing study, and at this stage we cannot exclude that the level of residual damage may be in part dependent upon the technique of measurement. Differences in the final amount of damage may not be detected because of the inadequate sensitivity of the strand-breakage studies, although using a combination of measurement methods and the advent of PFGE we would hope to increase the sensitivity.
Our results suggest that it may be misrepair, rather than lack of dsb rejoining, which is the basis of radiosensitivity in S40b. The only significant difference in DNA repair between the radiation sensitive clone and its parent line was in repair fidelity. We have shown that the repair fidelity of the KpnIcut plasmid was 84.7% for MGH-U1 and 58.9% for S40b. Reduced repair fidelity has been previously seen in other radiosensitive variants including A-T fibroblasts (Cox et al., 1986) , irsi (Debenham et al., 1988b ) and a sensitive clone from a human glioma cell line (Powell & McMillan, 1991) . It is suggested that repair fidelity may be an important determinant of radiosensitivity. It is also possible that decreased repair fidelity is also reflected in an increased mutation rate and this is currently under investigation.
An important consideration in these experiments is that a restriction endonuclease-induced break may be chemically similar to only a small proportion of radiation-induced dsb. However, radiation and restriction endonucleases (introduced directly into cells) produce similar biological effects (Obe et al., 1986; Bryant, 1988) , and some radiation sensitive mutants have been shown to be sensitive to restriction endonucleases (Barnes & Rhine, 1985; Bryant et al., 1987) . It seems, therefore, that the dsb induced by radiation and restriction endonucleases may be processed in similar ways.
The burden of damage the cells require to repair within the two types of assay (repair fidelity vs strand-break rejoining) is not possible to quantify. Many millions of plasmids are introduced into the cell culture medium, but between the initial step and measurement of the number of integrated plasmids, precise quantification is not possible. Radiolabelling of transfected plasmids has suggested cellular uptake by significant numbers of plasmids (thousands) but distinguishing an intracellular location from attachment to the cell membrane is difficult (J. Thacker, personal communication). Using different amounts of transfected plasmid (40 gg vs 1 1tg) which led to different numbers of integrated plamids (5-10 vs 2-3 respectively) there was no difference in the measured repair fidelity. This implies that repair fidelity is a measure of accuracy which is independent of the number of repair events. These unpublished observations are available only for MGH-U1.
The physical nature of the misrepair has not been examined in the present study. However, our previous work using a sensitive clone of a glioma cell line, showed that low repair fidelity was associated with misrepair of the gpt gene (Powell & McMillan, 1991) . Using Southern analysis, the number of intact gpt gene copies relative to the number of plasmids integrated was found to be lower in the sensitive clone. In other cell lines we have shown that the misrepair may result in small changes (undetectable using Southern analysis) or large deletions where significant sections of the gpt gene and the surrounding DNA are lost. Whether it is increase endonuclease activity, a lack of protection of exposed termini or abnormal recombination which leads to these changes, is not clear. Due to the size of some of the deletions and the demonstration by Folger et al. (1982) that integration of linear plasmid is probably by a recombination step rather than prior religation, we favour a recombination defect as the likely explanation of our results.
